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Nutritional programmingNutritional programming has begun to arouse interest as a novel tool to alter speciﬁc metabolic pathways or
functions in farmed animals. The aim of the present study was to explore the potential of early glucose stimuli
to induce changes in nutrient metabolism of gilthead seabream. Nutritional conditioning was performed by
delivering glucose-rich feed at three distinct recurrent periods of larval feeding regime: during ﬁrst-feeding
with rotifers (3 days after hatching, DAH) andmid-feedingwith Artemia metanauplii (20DAH) and the beginning
of inert diet feeding (30DAH), called the Recurrent treatment (REC). As opposed, the control treatment (CTRL)
did not experience any glucose stimuli. At post-larval stage (from 50 to 60DAH), both treatments were
challenged with a high-carbohydrate diet (50%). The immediate response to the early stimuli was assessed
through gene expression ofmetabolicmarkers and by nutrientmetabolism using [14C] tracers. Each dietary stim-
ulus induced metabolic changes on REC larvae, shown by altered expression of some genes, including those
involved in glycolysis, and by a different pattern of glucose utilization. However, none of the molecular adapta-
tions (except G6PDH gene) were persistent in the viscera and muscle of challenged post-larvae from REC
group. In contrast, the glucose metabolism of challenged REC post-larvae revealed a shift towards a higher
catabolism and lower glucose retention in tissues, compared to the CTRL group, suggesting an improvement of
glucose oxidation pathways. In addition, the REC group showed a higher bio-conversion of glucose into lipids,
indicating enhanced hepatic lipogenesis. The early stimuli did not affect the relative retention or use of amino
acids or the growth and survival of challenged ﬁsh, up to 60DAH. In summary, although not substantiated at a
molecular level, our data reveal that a recurrent high-glucose stimulus during larval stages affects the short-
term modulation of pathways for glucose utilization in gilthead seabream.
Statement of relevance
Carnivorous ﬁsh, such as rainbow trout and gilthead seabream exhibit a poor utilization of dietary carbohydrates
as energy substrates. The concept of nutritional programming raises the possibility of tailoring speciﬁcmetabolic
pathways or functions in ﬁsh, for example to improve the use of dietary carbohydrates and promote the devel-
opment of cereal based-diets for a more sustainable aquaculture.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Gilthead seabream (Sparus aurata) is themain producedmarine ﬁsh
species in the Mediterranean region where over 583 million gilthead
sea bream juveniles were produced in 2013, mainly in Greece, Turkey,
Italy, Spain and France (FEAP, 2014). Fish larvae require a protein- andar (CCMAR), Universidade dolipid-rich feeding regime in order to support the high energy needs
essential for fast growth (Hamre et al., 2013; Rønnestad et al., 2013).
Knowledge regarding the digestion and metabolic use of carbohydrates
by marine ﬁsh larvae is extremely scarce and has received much less
attention than protein and lipid. Although with variable patterns
among species, the activity of ɑ-amylase, a key enzyme for the digestion
of complex carbohydrates, has been detected at early stages of marine
ﬁsh larvae, including seabream (Moyano et al., 1996; Naz, 2009;
Zambonino-Infante et al., 2008). In general, species with more carnivo-
rous habits, like seabream, tend to reduce amylase activity when the
stomach is becoming functional (Cara et al., 2003; Zambonino-Infante
242 F. Rocha et al. / Aquaculture 451 (2016) 241–253et al., 2008), while herbivorous and omnivorous species seem to exhibit
an increase in activity as they approach the juvenile stage (Zouiten et al.,
2008). In European seabass (Dicentrarchus labrax) larvae, the usual de-
cline in amylase activity was reduced when larvae were fed increasing
levels of dietary carbohydrates, supplied as maltose and pre-cooked
starch (Peres et al., 1996). Also, seabream larvae reared in glucose-
enriched sea water immediately after mouth opening showed an en-
hanced accumulation of glycogen in the hepatocytes (Diaz et al.,
1994). The addition of glycerol, a known gluconeogenic precursor, to
the rearing water and rotifer culture medium, also resulted in a signiﬁ-
cant increase of hepatic glycogen content in seabream larvae (Maurizi
et al., 2000). Although limited and fragmented, these studies demon-
strate that carbohydrates may serve as metabolic substrate in marine
ﬁsh larvae, suggesting a possible modulation of the carbohydrate
metabolic pathways.
It is now clearly accepted that performance in grow-out ﬁsh is
directly linked to the quality of the larvae (Valente et al., 2013). In the
grow-out stage, feeds tend to have a lower reliance on marine-derived
protein sources and progressively incorporate higher levels of plant-
based ingredients (Gatlin et al., 2007). The inclusion of these plant
ingredients, being it dietary protein or starch sources, increases the
overall intake of carbohydrates. However, the ability of ﬁsh to use die-
tary carbohydrates as an energy yielding substrate is variable among
and within species and closely associated with their natural feeding
habits. New trends in the ﬁeld of ﬁsh nutrition begin to emerge, such
as the concept of early nutritional programming, as a promising strategy
to enhance the use of alternative feedstuffs (Geurden et al., 2007, 2014;
Rocha et al., 2015; Vagner et al., 2009). Nutritional programming can be
deﬁned as an early nutritional event (or stimulus) exerted at a critical
period of development that may have long-term consequences on
later physiological functions (Burdge and Lillycrop, 2010; Harder et al.,
1998; Lucas, 1998; Metges et al., 2014; Patel and Srinivasan, 2002).
The perspective of applying this nutritional programming concept to
ﬁsh larvae in order to tailor speciﬁc metabolic pathways or functions
in juvenile ﬁsh, such as improving the use of dietary carbohydrates, is
highly attractive yet extremely challenging.
Knowledge on the role of early nutritional stimuli as modulators of
metabolic pathways in ﬁsh is scarce. However, in the past years the
number of studies performed in this topic has been growing, as the
concept gains more notability for ﬁsh nutrition research. Recent studies
exploring the short- and long-term effects of carbohydrate stimulus on
the modulation of metabolic pathways were performed: at different
stages of zebraﬁsh (Danio rerio) embryogenesis through direct supple-
mentation of the embryo yolk reserve (Rocha et al., 2014, 2015) and
at the onset of exogenous feeding in rainbow trout (Oncorhynchus
mykiss) (Geurden et al., 2007, 2014), zebraﬁsh (Fang et al., 2014) and
Siberian sturgeon (Acipenser baerii) (Gong et al., 2015). With variable
extent, all these studies showed some effects at molecular and/or
metabolic level related to early nutritional conditioning. To the best of
our knowledge, the concept of an early dietary carbohydrate stimulus
used as modulator of metabolic pathways has never been tested in a
marine ﬁsh species. Moreover, the use of tracer methodologies in ﬁsh
larvae is a powerful tool tomeasure themetabolic plasticity and adapta-
tion capacity to new nutrients and/or feeding regimes (Conceição et al.,
2010, 2007; Engrola et al., 2010; Morais et al., 2006) and abiotic factors
(Campos et al., 2013). The possibility to assess the metabolic ﬂux of
several nutrients, namely amino acids, may allow a better understand-
ing of the protein sparing potential of non-protein energy sources,
such as dietary carbohydrates (Hemre et al., 2002).
In this context, the objective of the present study is to assess the
effect of a recurrent early-feeding glucose stimulus, exerted at several
periods of gilthead seabream larval development, on the modulation
of growth, nutrient metabolism and gene expression of post-larvae
challenged with a high carbohydrate diet. Also, we investigated, at a
metabolic and molecular level, the immediate responses of the larvae
to each high-glucose stimulus.2. Materials and methods
2.1. Larval rearing
The experiment was carried out in compliance with the Guidelines
of the European Union Council (2010/63/EU) legislation for the use of
vertebrate animals. Gilthead seabream eggs were obtained from
MARESA - Mariscos de Estero S.A. (Huelva, Spain) and the experiment
was conducted at CCMAR facilities (Faro, Portugal). Newly hatched
larvae were reared in 100 L cylindro-conical tanks in a closed recircula-
tion system with an initial density of 173 larvae L−1. The experimental
system was equipped with a mechanical ﬁlter, a submerged biological
ﬁlter, a protein skimmer and a UV sterilizer. Photoperiod was set at
12:12 h (L:D) cycle, temperature averaged 18 ± 1 °C, salinity 33 ±
2 ppt and dissolved oxygen in water was maintained above 95% of
saturation and larvae were maintained in green-water conditions. A
daily monitoring of environmental parameters and larval mortality
was performed; also the rearing tanks were cleaned regularly to pre-
serve water quality.
2.2. Experimental design and feeding plan
Two treatments were randomly assigned to 8 tanks: Control –
standard live feed feeding regime (CTRL treatment) and Recurrent –
standard live feeding regime except for three 5-day periods (stimuli)
during which glucose was offered to the larvae (REC treatment)
(Fig. 1). Each treatment was done in quadruplicate tanks. The feeding
plan in both groups was initiated with small-sized prey, rotifers
(Brachionus rotundiformis), followed by Artemia AF nauplii (Inve,
Belgium) thenArtemia EGmetanauplii (Inve, Belgium) and, at later devel-
opmental stage (30 days after hatching, DAH), the inert diet was gradual-
ly introduced by co-feeding regime up to total replacement of live prey,
as shown in Fig. 1. Brieﬂy, larvae from Control treatment (CTRL), started
to feed at 3DAH on rotifers previously enriched with the STD emulsion
(Table 1), which was rich in PUFAs and protein. From day 15, A. nauplii
were supplied in a co-feeding regime and at 20DAH, A.metanauplii previ-
ously enriched with the STD emulsion were fed to larvae up to 35DAH.
Live prey started to be gradually replaced at 30DAH by the control diet
(HPD, Table 2), which presented high levels of protein. From 36DAH on-
wards larvae were fed exclusively on HPD diet (Fig. 1). Rotifers and
Artemia were enriched with the STD emulsion, following the procedures
described for the commercial enrichment. Live preys were fed directly to
the larvae, three times a day while the inert diet was automatically
distributed in the tanks eight times a day.
In the Recurrent treatment (REC), seabream larvae were exposed to
repeated high-glucose stimuli at different stages of early development
(Fig. 1), using i) glucose-enriched rotifers at the onset of exogenous
feeding (3DAH; stimulus 1), ii) glucose-enriched A. metanauplii
(20DAH; stimulus 2) and iii) a high-carbohydrate diet HCD (30DAH;
stimulus 3). The three stimuli were delivered to the REC larvae in all
of the meals delivered, during a period of 5 days each. Both rotifers
and Artemia used for stimuli delivery were enriched with glucose
using the GLU emulsion (Table 1). To assure high live prey glucose
bioencapsulation, a short-term enrichment protocol of 1 h (for rotifers)
and 2 h (for Artemia)was performedwith theGLUemulsion before each
meal. This period is a trade-off between the time necessary for a high
bioencapsulation and to avoid signiﬁcant losses by prey absorption.
The enrichment period was determined after a preliminary test that
assessed the live prey glucose uptake (data not shown). Hence, samples
were collected from the glucose enrichment media, at time 0 and every
30min afterwards, up to 120min and at 180min based on the previous
data from Li et al. (1993). Samples were washed and prey were ﬁltered
in order to determine glucose bioencapsulation. Outside the glucose
stimuli periods, larvae from the REC treatment followed the same feed-
ing regime as the CTRL treatment, characterized by a high protein
intake. From 50 to 60DAH, post-larvae of both CTRL and REC treatments
Fig. 1. Experimental set-up: feeding plan fromControl and Recurrent treatments, from ﬁrst feeding (3DAH) to the end of the experiment (60DAH). Glucose stimuli were delivered at three
distinct periods of recurrent larvae development. A dietary challenge with a high carbohydrate diet during was performed to both treatments for 10 days.
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diet (HCD diet - Table 2).
2.3. Experimental feeds
Live prey enrichments and inert dietsweremanufactured exclusively
for this trial by SPAROS Lda (Olhão, Portugal). The standard emulsion
(STD) was formulated according to existing commercial products to
be highly rich in lipids, especially in essential fatty acids (EFA), thus
containing 70.5% crude lipids, 16.0% crude protein and no carbohydrates
(on adrymatter basis). The glucose-rich emulsion (GLU)was formulated
to contain a high carbohydrate level (57.3%), which was achieved by
the incorporation of D-glucose at the expenses of all protein sources
and a concomitant reduction of crude lipids. In both emulsions, the
essential fatty acid contents were maintained at recommended levels
for seabream larvae (Rodrı́guez et al., 1998). Experimental emulsions
were manufactured by progressively mixing the powder ingredients
(b20 μm) with the oils and water (3:7 w/w ratio) with the aid of a
high-shear mixing (Silverson L5T, United Kingdom). Emulsions were
kept refrigerated throughout the experimental period. Formulation and
proximate composition of both emulsions is presented in Table 1.
For the feeding phase with inert diets (after 30DAH), two experi-
mental diets were formulated with distinctive protein/carbohydrate
ratios: a high-protein diet (HPD) with 71% crude protein (derived from
ﬁshmeal,ﬁsh soluble concentrate, squidmeal,wheat gluten andﬁsh gel-
atin) and trace levels of carbohydrates; and a high-carbohydrate diet
(HCD) with high levels of carbohydrates (50%, supplied as D-glucose)
and a drastic reduction of crude protein level (34%). Powder ingredients
and oil sources were mixed and extruded at 1.0 mm in a low shear ex-
truder (Italplast P55, Italy). Upon extrusion, feeds were dried in a con-
vection oven (LTE Scientiﬁcs OP 750-UF, United Kingdom) for 3 h at 40
°C. Dry feed pellets were then crumbled and sieved manually to
retrieve the desired particle size (200–400 and 400–600 μm, used
according to larvae size). Formulation and proximate composition of
diets is presented in Table 2.
2.4. Biological sampling
At the end of the experimental trial (60DAH) survival rate from each
treatment was determined by direct counting of individuals, relative to
the initially stocked number of larvae and excluding the individuals
sampled over the trial. Dry weight and total length were determinedat the end of each stimulus period, stimulus 1 (n = 60), stimulus 2
(n=60), stimulus 3 (n=60), sampled at 8, 25 and 35DAH, respectively
and at the end of dietary challenge (n = 60). Growth was determined
based on individual dry weight and total length measurements (except
for larvae at 8DAH that were pooled). Total length was determined
using the AxioVision 4.8.2 software (Carl Zeiss Ltd., Cambridge, UK)
for digital image analysis, and dry weightmeasurements were obtained
from freeze-dried samples using a precision scale (±0.001 mg). For
assessing the composition of enriched-live prey, samples of rotifers
(n = 2, each with 1,500,000 rotifers) and Artemia (n = 2, each with
150,000 A. metanauplii) were collected and immediately frozen at
−80 °C. Samples for gene expression analysis were randomly collected
from each treatment 2 h after the last meal, at the larval stages of 8, 25,
35DAH and 4 h after the last meal at the post-larval stage of 60DAH.
These times were considered suitable to evaluate the peak of nutrient
absorption based on previous studies in marine ﬁsh species (Morais
et al., 2006). Thus, whole larval bodies were collected after the stimulus
1 (n = 6 in pools of 40 larvae), stimulus 2 and 3 (n = 6 in pools of 20
larvae) and at the end of the dietary challenge, where each post-
larvae (n = 6 per treatment) was dissected for separate collection of
viscera (all abdominal content) and muscle. All samples were then
snap-frozen in liquid nitrogen and kept at −80 °C until molecular
analysis. For the metabolic trials, samples were collected at the end of
the high-glucose stimulus 3 (n = 20) and at the end of the trial (n = 20
per treatment of which n = 10 per radiolabeled tracer).
2.5. Metabolic trials
The metabolic fate of glucose and amino acids was determined by
live prey radiolabelling using 14C-tracers. The impact of an early high-
glucose stimuli on the modulation of carbohydrate pathways was stud-
ied using the [U–14C] D-glucose labelling, while the [U–14C] L-amino
acidmixture labellingwas used to assess if the glucose supplementation
may lead to an enhanced protein accretion (protein-sparing effect). The
trials were performed after exposure to high level of dietary glucose
(HCD diet): the end of stimuli 3 (35DAH) and the end of the dietary
challenge (60DAH).
2.5.1. Artemia [U–14C] D-glucose labelling
The Artemia labelling in the case of D-glucose was done in order
to use the prey as a delivery system of D-glucose (cold) and labelled
Table 1
Formulation andproximate composition of the control (STD) andglucose (GLU) emulsions
used to enrich live preys (rotifers and A. metanauplii) before larval feeding and stimuli
delivery, respectively.
Ingredients (%)
Emulsions
STD GLU
Micronized ﬁshmeala 5.0 –
Fish solubles concentrateb 5.0 –
Krill hydrolisatec 10.0 –
D-Glucosed – 55.0
Tuna oile 40.0 12.0
Concentrated DHA oil (70%)f 12.0 7.5
Marine phospholipidsg 5.0 5.0
Vitamin and mineral premixh 1.0 1.0
Vitamin C 2.0 2.0
Vitamin E 1.0 1.0
Choline chloride 1.0 1.0
Soy lecithin 5.0 5.0
Tween 80d 3.0 3.0
Sodium alginate 2.5 2.5
Antioxidanti 2.0 2.0
NaH2PO4 3.0 3.0
L-Tryptophan 0.5 –
DL-Methionine 0.5 –
L-Taurine 1.5 –
Proximate composition
Dry matter (DM, %)⁎ 29.1 ± 0.6 27.7 ± 0.3
Crude protein (% DM) 16.0 ± 0.0 1.5 ± 0.1
Crude fat (% DM) 70.5 ± 0.1 33.3 ± 0.2
Total carbohydrates⁎⁎ (% DM) 3.1 ± 0.5 57.2 ± 0.2
Ash (% DM) 10.4 ± 0.4 8.0 ± 0.0
Gross energy (MJ/kg DM) 32.1 ± 0.1 23.3 ± 0.1
⁎ Emulsions were prepared at a proportion of 3/7 (w/w) ingredient mix/water ratio.
⁎⁎ Total carbohydrates calculated as: 100 – (protein + fat + ash).
a MicroNorse: 70.6% crude protein (CP), 9.9% crude fat (CF), K/S Tromsø Fiskeindustri
A/S & Co, Norway.
b CPSP 90: 84% CP, 12% CF, Sopropêche, France.
c KPH: 73% CP, 2.2% CF, Sopropêche, France.
d Sigma-Aldrich, Portugal.
e Omegavie tuna oil 25 DHA TG, Polaris, France.
f Algatrium 70 DHA, Brudy Technologies, Spain.
g PhosphoNorse, K/S Tromsø Fiskeindustri A/S & Co, Norway.
h Premix for marine ﬁsh, PREMIX Lda, Portugal. Vitamins (IU or mg/kg diet): DL-alpha
tocopherol acetate, 100mg; sodiummenadione bisulphate, 25 mg; retinyl acetate, 20,000
IU; DL-cholecalciferol, 2000 IU; thiamin, 30 mg; riboﬂavin, 30 mg; pyridoxine, 20 mg;
cyanocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic acid, 15 mg; ascorbic acid, 1000
mg; inositol, 500 mg; biotin, 3 mg; calcium panthotenate, 100 mg; choline chloride,
1000 mg, betaine, 500 mg. Minerals (g or mg/kg diet): cobalt carbonate, 0.65 mg; copper
sulphate, 9mg; ferric sulphate, 6mg; potassium iodide, 0.5mg;manganese oxide, 9.6mg;
sodiumselenite, 0.01mg; zinc sulphate,7.5mg; sodiumchloride, 400mg; calciumcarbonate,
1.86 g; excipient wheat middlings.
i Paramega PX, Kemin Europe NV, Belgium.
Table 2
Formulation and proximate composition of the High protein diet (HPD), delivered during
larval growth and theHigh carbohydratediet (HCD), deliveredduring theperiods of stimulus
3 and dietary challenge.
Ingredients (%)
Diets
HPD HCD
Micronized ﬁshmeala 56.4 9.0
Fish solubles concentrateb 10.0 10.0
Squid mealc 7.5 10.0
Fish gelatind 2.0 2.0
Wheat glutene 10.0 10.7
D-Glucosef - 45.0
Tuna oilg 5.3 5.5
Vitamin and mineral premixh 2.0 2.0
Vitamin C 0.1 0.1
Vitamin E 0.05 0.05
Betaine 0.5 0.5
Soy lecithin 2.5 -
Antioxidanti 0.2 0.2
NaH2PO4 2.0 5.0
L-Threonine 0.7 -
DL-Methionine 0.3 -
L-Taurine 0.5 -
Proximate composition
Dry matter (DM, %) 97.4 ± 0.1 95.5 ± 0.0
Crude protein (% DM) 71.0 ± 0.2 33.7 ± 0.4
Crude fat (% DM) 15.8 ± 0.3 9.1 ± 0.1
Total carbohydrates⁎ (% DM) 0.8 ± 0.7 49.8 ± 0.6
Ash (% DM) 12.4 ± 0.2 7.5 ± 0.1
Total phosphorus (% DM) 1.9 ± 0.0 1.4 ± 0.1
Gross energy (MJ/kg DM) 23.1 ± 0.0 20.0 ± 0.1
⁎ Total carbohydrates calculated as: 100− (protein + fat + ash).
a MicroNorse: 70.6% crudeprotein (CP), 9.9% crude fat (CF), K/S Tromsø Fiskeindustri A/S
& Co, Norway;
b CPSP 90: 84% CP, 12% CF, Sopropêche, France.
c Super prime without guts: 82% CP, 3.5% CF, Sopropêche, France.
d Pharma grade bloom 240: 92% CP, LAPI Gelatine SPA, Italy.
e VITEN: 84.3% CP, 1.3% CF, ROQUETTE, France;
f Sigma-Aldrich, Portugal; g Omegavie tuna oil 25 DHA TG, Polaris, France.
h Premix for marine ﬁsh, PREMIX Lda, Portugal. Vitamins (IU or mg/kg diet): DL-alpha
tocopherol acetate, 100mg; sodiummenadione bisulphate, 25mg; retinyl acetate, 20,000
IU; DL-cholecalciferol, 2000 IU; thiamin, 30 mg; riboﬂavin, 30 mg; pyridoxine, 20 mg;
cyanocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic acid, 15 mg; ascorbic acid, 1000
mg; inositol, 500 mg; biotin, 3 mg; calcium panthotenate, 100 mg; choline chloride,
1000 mg, betaine, 500 mg. Minerals (g or mg/kg diet): cobalt carbonate, 0.65 mg; copper
sulphate, 9mg; ferric sulphate, 6mg; potassium iodide, 0.5mg;manganese oxide, 9.6mg;
sodiumselenite, 0.01mg; zinc sulphate,7.5mg; sodiumchloride, 400mg; calciumcarbonate,
1.86 g; excipient wheat middlings.
i Paramega PX, Kemin Europe NV, Belgium.
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same GLU emulsion and protocol (Table 1) used during larval rearing
and radiolabelled through the addition of [U–14C] D-glucose tracer
(9.25 MBq; American Radiolabeled Chemicals Inc., The Netherlands)
according to a modiﬁed version of the method developed by Morais
et al. (2004a). The radiolabeled glucosewasmixed to theGLU emulsion,
using a dose of 0.5 μL of the [U–14C] D-glucose per mL of seawater. The
incubation period lasted for 2 h to allow a maximum level of glucose
bioencapsulation into the Artemia, as previously described for the stim-
uli delivery, and was performed before the beginning of the metabolic
trial. After incubation, A. metanauplii were washed in seawater several
times and sampled (n = 4, 3 mL each sample) in order to determine
the amount of radiolabel per prey.2.5.2. Artemia [U–14C] L-Amino acid mixture labelling
A. metanauplii were enriched with D-glucose using the same GLU
emulsion and protocol (Table 1) used during larval rearing and
radiolabelled through the addition of [U–14C] L-Amino acid mixture(37 MBq; American Radiolabeled Chemicals Inc., The Netherlands),
following the protocol developed by Morais et al. (2004a). The dose
of [U–14C] L-Amino acid mixture was 1.6 μL per mL of seawater and
Artemiawas incubated for 9 h, to allow for complete amino acid incor-
poration in the Artemia protein fraction. After incubation, A. metanauplii
were washed in seawater several times and sampled (n = 4, 3 mL each
sample) in order to determine the amount of radiolabel per prey.
2.5.3. Metabolic trial in seabream larvae at stimulus 3
This trial was conducted in seabream larvae (35DAH) after receiving
the third glucose stimulus, to evaluate the immediate metabolic re-
sponse of larvae. Prior to the radiolabelling trial, larvae from the CTRL
and REC treatments (n= 20)were randomly harvested and transferred
to the ﬂux laboratory for overnight acclimatization (18 ± 1 °C). Larvae
were stocked in 1 L tanks and deprived from feed for 16 h. After fasting,
larvae were allowed to eat ad libitum the 14C-D-glucose Artemia during
45 to 60 min; this period was considered suitable for the uptake of a
full meal based on previous ingestion rate trials with seabream larvae
of similar age (Kolkovski et al., 1993; Morais et al., 2006). Following,
larvae were individually rinsed in clean seawater, and subsequently
245F. Rocha et al. / Aquaculture 451 (2016) 241–253transferred to an incubation vial. The incubation setup was described
previously by Rønnestad et al. (2001). In brief, the incubation setup con-
sists of sealed vials containing 6 mL of seawater with gentle air ﬂow
where the larva was placed. The air was forced through a capillary
from the incubation vial to a CO2 trap (5 mL of 0.5 M KOH). After a
24 h incubation period, each seabream larva was individually sampled
(the whole body) to determine the amount of 14C retained in tissues
(retained fraction). The bodies were immediately solubilised with
Solvable (Perkin Elmer, USA) and kept at 50 °C for 24 h. Samples collected
from the labelled Artemiawere also solubilised together with the bodies.
Following larval sampling, the incubation chambers were resealed and
1 mL of HCl (0.1 M) was added in a series of gradual steps, resulting in
a progressive decrease of pH that causes the rapid diffusion of any re-
maining 14CO2 from the incubation water into the KOH trap (catabolised
fraction) (Rønnestad et al., 2001). The incubation water was considered
to contain all labelled 14C resultant from ﬁsh excretion (evacuated
fraction). No larval mortality was registered during the incubation
period.2.5.4. Metabolic trial in seabream post-larvae after dietary challenge
The second trial was conducted in seabream post-larvae (60DAH)
after being submitted to the 10-day dietary challenge with HCD diet.
The scope was to assess possible effects of early glucose-stimuli on
nutrient metabolism of post-larvae seabream fed exclusively on a high
carbohydrate diet. Post-larvae from both CTRL and REC treatments
were randomly collected and transferred to the ﬂux laboratory for over-
night acclimatization (18 ± 1 °C) and fasting period (16 h). For this
experiment, A. metanauplii were labelled in two distinct enrichments
with two tracers: 14C-D-glucose or 14C-L-Amino acid mixture (14C-AA).
After the fasting period, 10 post-larvae from the CTRL treatment were
fed with the labelled 14C-D-glucose Artemia, while another group
(n = 10) of the same treatment was fed with the 14C-Amino acid
Artemia, for a period of 45 min to 60 min. An identical feeding scheme
was applied to two groups of 10 post-larvae each from REC treatment.
Then, all individuals were transferred to the incubation set-up and the
experiment was carried as previously described. After the incubation
period of 24 h, samples from the incubation water and CO2 trap were
collected as formerly indicated. For the post-larvae, a series of extraction
procedures of organic compounds, such as free amino acids (FAA), pro-
tein and fat were performed in order to get a more detailed analysis of
the glucose and amino acid retention. The larval bodies were individu-
ally placed in 1 mL of 6% trichloroacetic acid (TCA, Sigma Chemical
Co., St. Louis, MO) for 24 h at 4 °C, with periodical stirrings, for FAA
extraction (Campos et al., 2013; Morais et al., 2004b). After each body
was removed from the TCA solution and placed in a clean vial for tissue
homogenization in distilled water (0.8 mL), using an Ultra-turrax
homogenizer (IKA, Germany). Total body lipid was extracted from a
known aliquot volume using a method modiﬁed from Bligh and Dyer
(1959), suitable for small volume samples (Conceição et al., 2002;
Morais et al., 2004b). Total protein was extracted from the upper
phase of methanol/water recovered from lipid extraction, based on a
TCA precipitation method, adapted and modiﬁed from Panchout et al.
(2013). Brieﬂy, 24% TCAwas added to each sample to a ﬁnal concentra-
tion of 6%, after samples were vortex and incubated at 4 °C for 1 h.
Precipitated proteins were pelleted by centrifugation at 6000 G for
10 min at 4 °C. The supernatant was collected to a clean vial for DPM
(disintegrations per minute) counting and the precipitated protein
was washed with ice-cold acetone and centrifuged at 6000 G for
10 min at 4 °C. The acetone was removed to a clean vial for DPM
counting and the protein pellet was re-suspended in Solvable (Perkin
Elmer, USA) and kept at 50°C for 24 h for complete solubilisation. The
two supernatants obtained from this protocol were not discarded
since they represent the fraction of non-extracted metabolites from
the larval body, where glycogen was considered to be present. No
mortality was registered during the incubation period.2.5.5. Radiolabel measurements
Larvae that did not ingest any labelled Artemia during the feeding
period (at the beginning of the metabolic trial) were excluded from
the analysis, after visual conﬁrmation of empty stomachs. Samples
from incubation seawater, KOH-CO2 traps and A. metanauplii, collected
during the two metabolic trials, were counted for radioactivity (DPM)
by adding Ultima Gold XR scintillation cocktail (Perkin Elmer, USA).
For the ﬁrst trial (35DAH), whole larval bodies were counted, while
for the second trial with post-larvae (60DAH), the bodieswere fraction-
ated in lipids, protein, FAA and other metabolites and each fraction was
separately counted for DPM. All samples were counted on a Tri-Carb
2910TR Low activity liquid scintillation analyser (Perkin Elmer, USA).
The metabolic budgets were calculated after subtraction of blanks for
quench and lumex correction. Results for each component (evacuation,
catabolism, retention in whole larvae and retention in several frac-
tions of organic compounds) were expressed as a percentage of total
14C-label, i.e. the sum of DPM in all compartments of metabolic cham-
bers and ﬁsh. Glucose utilization in seabream larvae (35DAH) was
determined based on Absorption (A, %), Evacuation (E, %), Retention
efﬁciency (R, %) and Catabolism fraction (C, %). These estimates were
determined as:
A ¼ Rbody þ RCO2 trap
 
= Rbody þ RCO2 trap þ Rwater
   100;
E ¼ Rwater= Rbody þ RCO2 trap þ Rwater
   100;
R ¼ Rbody= Rbody þ RCO2 trap
   100;
C ¼ RCO2 trap= Rbody þ RCO2 trap
   100;
where Rbody is the total radioactivity in larval body (DPM), RCO2 trap is
the total radioactivity per CO2 trap (DPM) and Rwater is the total radio-
activity in the incubation seawater (DPM).
The metabolic fate of glucose and amino acids in seabream post-
larvae (60DAH) was determined based on nutrient Absorption (A, %),
Evacuation (E, %), Retention efﬁciency (R, %) and Catabolism fraction
(C, %), as previously described. Additionally, it was determined the
relative retention in lipid fraction (rRLip, %), protein fraction (rRProt, %),
FAA fraction (rRFAA, %) and other metabolites fraction where glycogen
was included (rROther, %). The several relative retentions were deter-
mined as:
rRLip ¼ RLipids=Rbody
  100:
rRprot ¼ RProtien=Rbody
  100:
rRFAA ¼ RFAA=Rbody
  100:
rROther ¼ ROther=Rbody
  100:
where Rbody is the sum of all fractions of compounds extracted from
body (DPM), RLipids is the total radioactivity in chloroform fraction
(DPM), RProtein is the total radioactivity in protein precipitate (DPM),
RFAA is the total radioactivity in TCA soluble fraction (DPM) and ROther
is the total radioactivity in thewashes performed during protein extrac-
tion (DPM).
2.6. Gene expression analysis by qRT-PCR
Relative gene expression of mRNA was determined by quantitative
real-time RT-PCR on RNAs extracted from whole body larvae (pooled
samples) or visceral and muscle tissues of seabream post-larvae. Total
RNA was extracted from all samples (larvae and tissues) using 1 mL of
Trizol reagent (Invitrogen, Carlsbad, USA) according to the
manufacturer's instructions. An amount of 2 μg of total RNAwas reverse
transcribed into complementary DNA (cDNA) using the SuperScript III
RNaseH Reverse Transcriptase Kit (Invitrogen, Carlsbad, USA) with
random primers (Promega, France). Molecular analysis was focused
on genes involved in intermediate metabolism and energy produc-
tion. The transcripts analysed were glucokinase (GK), hexokinase 1
(HK1), 6-phosphofructo-1-kinase liver isoform (6PFK-L) and muscle
isoform (6PFK-M) and pyruvate kinase muscle isoform (PK-M) for
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carboxykinase (PEPCK) for gluconeogenesis; fatty acid synthase (FAS),
acetyl CoA carboxylase (ACCα) for lipid metabolism; glucose-6-
phosphate dehydrogenase (G6PDH) for the pentose phosphate path-
way, cytochrome oxidase subunit IV (COX4) and citrate synthase (CS)
for energy metabolism; facilitative glucose transporter (GLUT9) for
glucose transporter and amylase (AMY) for carbohydrate digestion.
The amino acid catabolismwas also studied based on themitochondrial
alanine aminotransferase (ALTm) and cytosolic aspartate aminotrans-
ferase (ASTc) transcripts. The genes COX4, CS, ALTm and ASTc were
only analysed at the time points related to the metabolic studies (35
and 60 DAH). For the remaining sampled points, the analysed gene
panel was identical. The primer sequences of GK, G6Pase, COX4, CS
and elongation factor 1 (EF1) genes used for real-time qPCR have pre-
viously been published for this species (Bermejo-Nogales et al., 2014;
Enes et al., 2008a; Perez-Sanchez et al., 2013). For the other analysed
genes, speciﬁc primers were designed for gilthead seabream using the
Primer3 software (http://primer3.ut.ee/) and the available seabream
sequences from the nucleotide GenBank (http://www.ncbi.nlm.nih.
gov/genbank) or the Est SIGENAE (http://www.sigenae.org) databases
(Table 3). PCR product resulting from the newly designed primer pairs
was controlled by sequencing to conﬁrm the nature of the ampliﬁca-
tion. For quantiﬁcation of target gene expression levels the Roche
Lightcycler 480 system was used (Roche Diagnostics, France). Analyses
were performed on 2 μL of the diluted cDNA using 3 μL of Light Cycler
480 SYBR® Green I Master mix (Roche), in a total PCR reaction volume
of 6 μL, containing 100nMof eachprimer. The PCR protocolwas initiated
at 95 °C for 10 min for initial denaturation of the cDNA and hot-start
Taq-polymerase activation, followed by 45 cycles of a two-step ampliﬁ-
cation programme (15 s at 95 °C; 40 s at 60 °C). Melting curves were
systematically monitored (temperature gradient at 1.1 °C/10 s from 65
to 94 °C) at the end of the last ampliﬁcation cycle to conﬁrm the speciﬁc-
ity of the ampliﬁcation reaction. Each PCR assay included replicate
samples (duplicate of reverse transcription and PCR ampliﬁcation) and
negative controls (samples without reverse transcriptase and samples
without RNA). Relative quantiﬁcation of gene expressionwas performed
using the ΔCT method described by Pfafﬂ (2001). EF1 gene was elected
as non-regulated reference gene, being used for the normalization of
measuredmRNAs since its expression levelswere stable over the several
developmental stages of seabream larvae and post-larvae (data not
shown). In all cases, PCR efﬁciency was measured by the slope of a
standard curve using serial dilutions of cDNA, and ranged between 1.8
and 2.1.Table 3
Real time PCR primer sequences.
Gene Forward primer (5′-3′) Revese prime
EF1a CATGCTGGAGACCAGTGAAA CGGGTACAGT
GKa CAAGAGACGAGGGGACTCG TCCTCGCCTT
HK1 AGATCCATCCTGCAGCACTT CCAGTCCTCG
6PFK-L CATGTGTGATTGGCCTCAAC AGGGAGCCTA
6PFK-M ACGGTCGTATCTTTGCCAAC GTGTGTTCGG
PK-M GATCCTGGCACAAAGCTCTC TGTCTGCTGG
G6Pasea CGCTGGAGTCATTACAGGCGT CAGGTCCACG
PEPCK GCAACACAGAGAGGGAGGAG TATCCTCCAG
GLUT9 GAGGACTACCCAGGTGACCA GGTGACTGTC
AMY CAGATGGCGTCAGATCAAGA GTCCAGGTTC
FAS TGAAACTGAAGCCCTGTGTG TCTCGGCTGA
ACC ATCAGAGGTGGCGATGGTAG TCGTCATGCA
G6PDH GCAGCCAGATGCACTTTGTA GCGAAATCCA
COX4b ACCCTGAGTCCAGAGCAGAAGTCC AGCCAGTGAA
CSc TCCAGGAGGTGACGAGCC GTGACCAGCA
ALTm CGTGGAGGCTACATGGAGAT AGCTTGGCCT
ASTc AGTGTCTTGGAGGTACAGGC CCAAGGAAAC
a From Enes et al. (2008a).
b From Perez-Sanchez et al. (2013).
c From Bermejo-Nogales et al. (2014).2.7. Analytical methods
Experimental diets, freeze-dried emulsions and freeze-dried sam-
ples of rotifers and A.metanauplii enrichedwith the experimental emul-
sions were analysed for proximate composition according to the
following procedures: dry matter after drying at 105 °C for 24 h; ash
content by incineration in amufﬂe furnace at 500 °C for 12 h; crude pro-
tein (N × 6.25) by a ﬂash combustion technique followed by a gas chro-
matographic separation and thermal conductivity detection (LECO
FP428, St. Joseph, MI, USA); crude fat in diets and emulsions was quan-
tiﬁed bydichloromethane extraction (Soxhletmethod),while in rotifers
and Artemia it was performed according to Segura and Lopez-Bote
(2014); gross energy in an adiabatic bomb calorimeter (IKA C2000,
Germany); total phosphorus according to the ISO/DIS 6491 method
using the vanado-molybdate reagent. Total carbohydrates were
estimated by difference of other constituents: total carbohydrates
(%) = 100− (% protein + % lipid + % ash).
2.8. Statistical analysis
Data are presented as means with their standard deviation (SD).
Criteria expressed as a percentage were arcsine (x1/2)-transformed
prior to statistical analysis (Ennos, 2007). The effect of the early feeding
glucose stimuli on growth, survival, nutrient metabolism and gene ex-
pression of seabream larvae was tested using SPSS® statistics software
16.0 for Windows (SPSS Inc.) by means of an unpaired two-tailed
Student's t-test. For relative quantiﬁcation of gene expression, the con-
trol groupwas established by the group that did not receive any glucose
stimuli. Differences were considerate signiﬁcant at P b 0.05.
3. Results
3.1. Efﬁcacy of glucose supplementation in live prey
The composition of live preys, rotifers and A. metanauplii, after the
enrichment with both STD and GLU emulsions are presented in
Table 4. On a dry matter basis, rotifers enriched with the STD emulsion
had high protein content (53.7%), lipids (10.1%) and total carbohydrates
(27.3%). In comparison, rotifers enriched with the GLU emulsion
showed a relative reduction of−20% on their protein content (43.1%)
and a relative increase of +38.6% on the total carbohydrates content
(37.8%). Crude lipid content was similar among both treatments
(10%). Similarly, Artemia enriched with the STD emulsion werer (5′-3′) Database and accession no.
TCCAATACCG GeneBank AF184170
CTACCAGCTC GeneBank AF053330
GTTCTCTCTG Sigenae AM955654.p.sb.5
AAACCCAGAG Sigenae AM968607.p.sb
ATGTGTCCAG Sigenae FM147562.p.sb.5
ACATCGACTC Sigenae FG590446.p.sb.5
CCCAGAACTC GeneBank AF151718
TGCCTTCAGC Sigenae CV133734.p.sb.5
TCTGCTGCAA Sigenae FM145240.p.sb.5
CAGTCGTCAT Sigenae FG268830.p.sb.5
TGTTCTTGTG Sigenae AM952430.p.sb.5
GTTAGCCAAG Sigenae FP332814.p.sb.5
ACTCTCTTCG Sigenae AM951965.p.sb.5
GCCGATGAGAAAGAAC GeneBank JQ308835.1
GCCAGAAGAG GeneBank JX975229
TCTCTGCTAA GeneBank AY206503.1
CAGCCAAGTC Sigenae CB176687.p.sb.5
Table 4
Proximate composition (% of dry weight) of the live prey Rotifers and A. metanauplii after enrichment with a lipid-rich (STD) or a glucose-rich (GLU) emulsions.
Rotifers STD Rotifers GLU % Relative of STD Artemia STD Artemia GLU % Relative of STD
Crude protein (% DM) 53.7 ± 0.7 43.1 ± 0.8 −19.8 57.4 ± 0.0 36.8 ± 0.1 −35.8
Crude lipids (% DM) 10.1 ± 0.5 9.7 ± 0.2 −4.1 23.9 ± 1.1 17.3 ± 0.1 −27.8
Ash (% DM) 8.9 ± 0.3 9.4 ± 0.1 +6.0 9.5 ± 0.1 9.5 ± 0.2 −0.2
Total carbohydrates⁎ 27.3 ± 0.1 37.8 ± 1.1 +38.6 9.2 ± 1.0 36.4 ± 0.2 +294.4
Gross energy (MJ/kg DM) 21.3 ± 0.0 20.5 ± 0.1 −4.0 24.5 ± 0.3 21.7 ± 0.1 −11.3
Values are means ± SD, n = 2 for both rotifers and Artemia.
⁎ Total carbohydrates calculated as: 100− (protein + fat + ash).
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(9.2%), while those enriched with the GLU emulsion had lower pro-
tein content (36.8%) and higher total carbohydrates (36.4%). On aTable 5
Gene expression of selectedmetabolic enzymes inwhole-body seabream larvae (8, 25, 35DAH)
after being challenged with a high-carbohydrate diet.
Stimulus 1 Rotifer Stimulus 2 Artemia
8DAH 25DAH
Gene Treatment mRNA level mRNA level
GK
CTRL 1.05 ± 0.37 1.03 ± 0.27
REC 1.77 ± 0.66 1.19 ± 0.22
P value 0.04 0.31
HK1
Saline 1.00 ± 0.06 1.00 ± 0.07
Glucose 0.98 ± 0.07 1.06 ± 0.05
P value 0.51 0.14
6PFK-L
Saline 1.00 ± 0.07 1.00 ± 0.08
Glucose 0.87 ± 0.06 0.99 ± 0.04
P value 0.00 0.75
6PFK-M
Saline 1.00 ± 0.11 1.00 ± 0.10
Glucose 0.95 ± 0.12 1.07 ± 0.13
P value 0.39 0.40
PK-M
Saline 1.01 ± 0.14 1.01 ± 0.14
Glucose 0.98 ± 0.03 1.08 ± 0.10
P value 0.57 0.36
PEPCK
Saline 1.02 ± 0.19 1.00 ± 0.08
Glucose 0.89 ± 0.10 0.93 ± 0.08
P value 0.19 0.14
G6Pase
Saline 1.00 ± 0.17 1.01 ± 0.14
Glucose 1.00 ± 0.29 0.88 ± 0.08
P value 0.96 0.10
GLUTS
Saline 1.01 ± 0.18 1.01 ± 0.18
Glucose 0.98 ± 0.18 0.94 ± 0.08
P value 0.74 0.42
FAS
Saline 1.02 ± 0.25 1.00 ± 0.09
Glucose 1.37 ± 0.13 1.13 ± 0.16
P value 0.01 0.14
ACC
Saline 1.02 ± 0.22 1.01 ± 0.12
Glucose 1.21 ± 0.13 1.09 ± 0.10
P value 0.11 0.22
G6PDH
Saline 1.00 ± 0.06 1.00 ± 0.05
Glucose 0.92 ± 0.05 1.13 ± 0.06
P value 0.03 0.00
AMY
Saline 1.14 ± 0.68 1.03 ± 0.25
Glucose 0.71 ± 0.31 0.47 ± 0.15
P value 0.18 0.00
COX4
Saline n.d. n.d.
Glucose n.d. n.d.
P value – –
CS
Saline n.d. n.d.
Glucose n.d. n.d.
P value – –
ALTm
Saline n.d. n.d.
Glucose n.d. n.d.
P value – –
ASTc
Saline n.d. n.d.
Glucose n.d. n.d.
P value – –
mRNA levels of whole larvae body (8, 25, 35 DAH) and post-larvae (60DAH) viscera and musc
differences between the treatments are presented as means ± S.D. (n = 6 in pools of 40 larv
and were analysed by Student's t test (P˂0.05). Gene symbols are described in the ‘Gene expres
was not detected.
The different highlights (bold and italic) were used to distinguish the experimental treatmentsrelative basis to the STD treatment, these changes represented a
294% increase of total carbohydrates levels in Artemia enriched
with the GLU emulsion.after the delivery of stimuli 1, 2 and 3, respectively, and in seabream post-larvae (60DAH)
Stimulus 3 diet Dietary challenge Dietary challenge
35DAH 60DAH/Viscera 60DAH/Muscle
mRNA level mRNA level mRNA level
1.03 ± 0.26 1.13 ± 1.10 n.d.
0.90 ± 0.30 1.75 ± 2.03 n.d.
0.42 0.85 –
1.02 ± 0.23 n.exp. 1.03 ± 0.25
0.90 ± 0.17 n.exp. 1.18 ± 0.67
0.29 – 0.46
1.00 ± 0.09 1.02 ± 0.22 n.d.
1.14 ± 0.10 0.89 ± 0.44 n.d.
0.03 0.86 –
1.00 ± 0.10 n.d. 1.09 ± 0.52
1.06 ± 0.08 n.d. 1.62 ± 0.10
0.53 – 0.05
1.00 ± 0.07 n.d. 1.18 ± 0.82
1.15 ± 0.11 n.d. 1.22 ± 0.64
0.02 – 0.72
1.00 ± 0.08 1.02 ± 0.19 n.d.
1.05 ± 0.17 1.05 ± 0.21 n.d.
0.82 0.69 –
1.01 ± 0.13 1.02 ± 0.23 n.d.
0.90 ± 0.16 0.91 ± 0.51 n.d.
0.20 0.49 –
1.01 ± 0.12 1.01 ± 0.18 n.d.
1.10 ± 0.13 0.84 ± 0.37 n.d.
0.23 0.15 –
1.00 ± 0.10 1.06 ± 0.37 n.d.
1.08 ± 0.11 0.84 ± 0.42 n.d.
0.25 0.18 –
1.00 ± 0.08 1.11 ± 0.50 n.d.
1.08 ± 0.12 0.70 ± 0.39 n.d.
0.25 0.07 –
1.01 ± 0.13 1.04 ± 0.29 n.d.
0.87 ± 0.12 0.69 ± 0.27 n.d.
0.09 0.01 –
1.06 ± 0.41 n.exp. n.d.
1.07 ± 0.52 n.exp. n.d.
0.95 – –
1.00 ± 0.02 1.03 ± 0.30 1.04 ± 0.31
0.94 ± 0.06 1.36 ± 0.54 1.11 ± 0.38
0.05 0.22 0.75
1.00 ± 0.04 0.98 ± 0.41 1.04 ± 0.30
1.10 ± 0.06 1.61 ± 0.65 1.07 ± 0.24
0.01 0.06 0.84
1.00 ± 0.06 1.08 ± 0.44 1.05 ± 0.38
1.07 ± 0.13 1.61 ± 0.93 1.04 ± 0.43
0.27 0.24 0.97
1.00 ± 0.07 1.10 ± 0.48 n.exp.
1.27 ± 0.22 0.90 ± 0.31 n.exp.
0.02 0.40 –
le tissues were normalised with the a-elongation factor 1 transcripts (EF1a). Relative fold
ae at 8DAH; n = 6 in pools of 20 larvae at 25 and 35DAH; n = 6 individuals at 60DAH)
sion analysis’ section. n.d.- gene expression was not determined; n.exp.- gene expression
(CTRL and REC) from the P value, since all are presented in the same column.
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glucose stimuli
The analysis of gene expression showed that early high-glucose
stimuli applied during critical periods of seabream larval development
induced some changes on the regulation of genes related to intermediary
metabolism. The intake of high glucose levels at the onset of ﬁrst feeding
through enriched rotifers (stimulus 1) induced the expression of GK
(P= 0.041) and FAS (P= 0.013) genes, but at the same time inhibited
the expression of 6PFK-L (P = 0.006) and G6PDH (P = 0.036) on the
REC group, in comparison to the control group (Table 5). Two enzymes
involved in glycolysis (GK and 6-PFK-L) were oppositely regulated by
the ﬁrst stimulus in the larvae exposed to early stimulus. Also, the ﬁrst
stimulus delivered by rotifers caused no effects in genes related to gluco-
neogenesis, lipogenesis, carbohydrate digestion (amylase) and glucose
transporter (GLUT9) (P ˃ 0.05) (Table 5). Moreover, larvae at 25DAH
showed few changes on gene expression levels related to the stimulus
of glucose enriched Artemia (stimulus 2). Only two genesweremodiﬁed,
being G6PDHup-regulatedwhile AMYwas repressed in REC larvae com-
pared to CTRL group (Table 5; P=0.004 and 0.001, respectively). At the
last stimulus with the HCD diet (stimulus 3), larvae from REC group ex-
hibited the induction of some genes involved in glycolysis (6PFK-L and
PK-M, P= 0.03 and 0.02, respectively), citric-acid cycle (CS, P= 0.01)
and amino acid catabolism (ASTc, P = 0.02), in relation to the CTRL
group (Table 5). While the glycolytic pathway was being promoted
in REC larvae by the up-regulation of 6PFK-L and PK-M genes, the
gluconeogenic pathway was not differently regulated at this stage.
Also, the expression of genes involved in lipogenesis (FAS, ACC), energy
production (G6PDH, COX4), glucose transporter (GLUT9) and carbohy-
drate digestion (AMY) was not affected by stimulus 3 (P ˃ 0.05) (Table 5).3.3. Immediate response of larval [14C] glucose metabolism to early
glucose stimuli
Themetabolic fate of glucosewas assessed in the CTRL andREC larvae
at 35DAH, after the feeding of stimulus 3 (HCD diet), using 14C-glucose
as a tracer. Results showed that 35DAH larvae had a nearly equal capa-
city for glucose absorption and evacuation (about 50%), and none was
signiﬁcantly affected by the early glucose conditioning (P N 0·05)
(Fig. 2.A). Larvae submitted to the recurrent high-glucose stimuli (REC
group) showed signiﬁcantly lower glucose catabolism (47%) and higher
retention of glucose in body tissues (53%), in comparison to the CTRL
group (P ˂ 0.05). In the CTRL group, the glucose catabolism showed to
be 10% higher while body retention was 10% lower than in REC larvae.Fig. 2.Metabolic ﬂux of 14C-glucose in seabream larvae (35 DAH) after the delivery of stimulus 3
and evacuated (water) in relation to the total quantity of radiolabelled feed, after 24 h of incub
and catabolised (CO2 trap) in relation to the total absorbed label after 24 h of incubation, in se
catabolism fractions (n = 20 individuals). CTRL, control group (larvae never fed with glucos
signiﬁcant differences between treatments for the corresponding fraction (P b 0·05, Student's(Fig. 2.B). Survival rate was 100% for both treatments, after 24 h of
incubation.
3.4. Effects of early glucose stimuli in seabream post-larvae challengedwith
a high carbohydrate diet
The dietary challenge with the HCD diet (50% of carbohydrate
content) was performed at a later stage of seabream development
(60DAH) to analyse possible effects of the early-feeding stimuli on:
3.4.1. Growth performance and survival
At the end of a 60 day growth trial, no differences were found
in growth and survival of seabream larvae, showing that early glu-
cose stimuli were not detrimental for a correct larval development
(P ˃ 0.05) (Table 6). Larvae presented an exponential growth rate in
both treatments during the experimental period and at the end of the
trial, post-larvae showed similar dry weight (2.57–2.60 mg) and total
length (13.11–13.13 mm). REC larvae had higher dry weight
(0.90 mg) at the end of stimulus 3 when compared to the CTRL group
(0.85 mg) (P b 0.05), but this effect was not persistent until the end of
the trial. At the end of the trial, survival ranged between 8.6% for the
CTRL group and 8.1% for the REC group (Table 6).
3.4.2. Regulation of metabolic gene expression
The same panel of genes tested after the delivery of stimulus 3
(35DAH) was analysed in visceral and muscle tissues of challenged
seabream post-larvae (60DAH). For the majority of analysed genes,
mRNA levels remained unaltered between the CTRL and REC treat-
ments. No differences were detected, in both viscera and muscle, for
the expression of glycolytic enzymes (GK, 6PFK-L, PK-M), lipogenic
and energy-related enzymes (FAS, CS) and amino acid catabolising
enzyme (ASTc), that previously show to be regulated by the early
stimuli (Table 5). Only G6PDH gene was signiﬁcantly down-regulated
in viscera of REC larvae (P = 0.01) while CS gene (also involved in
energy metabolism) showed a non-signiﬁcant (P = 0.06) increase of
its expression (Table 5). AMY and ASTc genes were considered not
expressed in visceral and muscle tissues (respectively) of post-larvae,
since CT values of real time PCRwere higher than 30. All othermetabolic
genes that did not respond differently to the early stimulus were still
unchanged after the dietary challenge (data not shown).
3.4.3. Regulation of carbohydrate and amino acid metabolism
Effects related to the early nutritional stimuli were found in both
glucose and amino acid metabolic studies performed with 14C-glucose
and 14C-AA mixture tracers. In the glucose ﬂux study, results showed(high carbohydrate diet). (A) Proportion (%) of radiolabel absorbed (larvae and CO2 trap)
ation, in seabream larvae; (B) Proportion (%) of radiolabel retained in tissues (larval body)
abream larvae. Values are means – SD of seabream absorption, evacuation, retention and
e); REC, recurrent group (larvae fed the three glucose stimuli at early stages) *Denotes
t-test).
Table 6
Growth performance of seabream larvae following the periods of stimuli delivery and
dietary challenge and survival rate at the end of the trial.
Stimulus 1 Stimulus 2 Stimulus 3
Dietary
challenge
Dry weight
(mg larvae-1)
CTRL 0.06±0.01 0.30±0.09 0.85±0.22 2.57±1.04
REC 0.07±0.01 0.31±0.08 0.99±0.28 * 2.60±1.11
Total length
(mm larvae-1)
CTRL 4.44±0.30 7.78±1.10 9.97±0.23 13.13±1.21
REC 4.42±0.37 8.20±1.09 10.34±0.28 13.11±1.26
Survival (%)
CTRL 8.6±3.60
REC 8.1±1.87
Values are means ± SD, n = 60, per each sampled point. Signiﬁcant differences between
treatments are denoted by * (P b 0.05, Student's t-test). Stimulus 1: glucose enriched
rotifers (from 3 to 8DAH); Stimulus 2: glucose enriched A. metanauplii (from 20 to
25DAH); Stimulus 3: high carbohydrate diet, HCD (from 30 to 35DAH); Dietary challenge:
10-day period of feeding the HCD diet (from 50 to 60DAH).
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tion in the gut (50%) which was reﬂected in a higher evacuation of the
nutrient (50%) when compared to the CTRL larvae (55% and 45%,
respectively, P˂0.05) (Fig. 3.A). Larvae from REC treatment showed an
improved utilization of the absorbed glucose by promoting a higher
catabolism (59%) and lower body glucose retention (41%) when com-
pared to the CTRL group (P ˂ 0.05) (Fig. 3.B). Glucose was preferentially
converted into protein and FAA in both treatments and no differences
were found for these fractions between CTRL and REC treatments
(P ˃ 0.05). Together these fractions held almost 77% of all retained
glucose. Signiﬁcant differences were found in bio-conversion of glucose
into lipids as evidenced by the higher lipid fraction in the REC group
compared to the CTRL (P˂0.05). Of the retained 14C-label in REC larvae,
38% was found in the protein fraction, 39% in the FAA, 16% in lipids
and only 7% in the other metabolites fraction, which included glycogen.
For CTRL larvae the retention of glucose was fractionated into 47%
protein, 31% FAA, 12% lipids and 10% of other metabolites (Fig. 3.C).
From the amino acid ﬂux study, results showed that neither absorption,
evacuation, catabolism nor retention of amino acids were affected by
the early glucose stimuli in larvae of CTRL and REC treatments (Fig. 4).
Seabream post-larvae presented a moderate amino acid absorption in
the gut of around 65%, which reﬂects the capacity at this stage to digest
Artemia protein (Fig. 4.A). From the absorbed amino acids, nearly 60%
was retained in body tissues and 40% was catabolised (Fig. 4.B). As
expected, the amino acids were mostly retained as protein and FAA
(near 93% of the retained label), in both treatments (Fig. 4.C). The frac-
tion retained as FAA was signiﬁcantly lower in the REC group (20%),
indicating a reduction of the FAA pool in post-larvae from this treat-
ment when compared to the CTRL larvae (27%). No differences were
found for the other retained fractions.Fig. 3.Metabolic ﬂux of 14C-glucose in seabream post-larvae (60 DAH) submitted to the dietary
and CO2 trap) and evacuated (water) in relation to the total quantity of radiolabelled feed, afte
tissues (larval body) and catabolised (CO2 trap) in relation to the total absorbed label after 24 h o
in each fraction of larval body (protein, FAA, lipids and other metabolites) in relation to total r
seabream absorption, evacuation, retention, catabolism and relative retention fractions (n =
group (larvae fed the three glucose stimuli at early stages). *Denotes signiﬁcant differences be4. Discussion
A major endeavour in ﬁsh nutrition is to understand and improve
digestibility and metabolic utilization of dietary nutrients by ﬁsh
juveniles. Fish diets are generally protein-rich and approaches used to
reduce the dietary protein cost involved in ﬁsh production rely on:
a) the optimization of dietary protein utilization (sparing it for muscle
growth) through an enhanced catabolic use of the non-protein energy
supply (fats or digestible carbohydrates) (NCR, 2011); and b) a reduc-
tion of dietary inclusion levels of expensive protein sources (ﬁshmeal)
through the use of alternative protein sources (e.g. plant proteins)
(Gatlin et al., 2007; Naylor et al., 2009). However, both scenarios
imply an increased intake of carbohydrates, which is not well tolerated
by most ﬁnﬁsh with carnivorous feeding habits. In our study, we have
explored the concept of nutritional programming as a tool to enhance
the metabolic use of dietary carbohydrates by a marine ﬁsh species,
gilthead seabream. Mammals and ﬁsh are physiologically different in
terms of embryonic development (in uterus vs ex uterus), and the
early exposure to external stimuli can cause distinct effects in terms of
programming. Nevertheless we can expect that, like in mammals, the
periods of high metabolic plasticity in ﬁsh may be conﬁned to embryo-
genesis and early larval development (e.g. during ﬁrst-feeding stage).
Promising studies upon applying the concept of nutritional program-
ming in ﬁsh to improve their capacity to cope with high dietary carbo-
hydrates have been conducted, mostly in fresh water species (Fang
et al., 2014; Geurden et al., 2007, 2014; Gong et al., 2015; Rocha et al.,
2014, 2015). In contrast, only few were targeted to marine species
(Vagner et al., 2009, 2007) of which none was aimed to programme
the carbohydrate utilization. Fish larvae, the vertebrate organism with
the highest growth potential (up to 100%/day) (Conceição et al., 1998)
may be an optimal model organism to study the effect of a stimulus or
event at a critical window of development and to assess rapidly a shift
of the metabolic pathways.
Marine ﬁsh larvae's high vulnerability in early stages of develop-
ment must be considered when nutritional stimuli are exerted. So by
offering enriched live preys as “vehicles” for glucose supplementation
during early larval stages, it was ensured a high intake of glucose with-
out introducing new stress factors to those already existing during the
larval rearing. Glucose bioencapsulation was successfully achieved in
rotifers and Artemia after the enrichment, reﬂected by the increase of
38.6% and 294%, respectively, of their level of total carbohydrates in
comparison to those fed a standard enrichment. These results validate
the use of live prey as effective delivery vectors of glucose stimuli to
ﬁsh larvae. Previous studies had shown that changes on the emulsions
ormicroalgae used to enrich live preys allows us to tailor the nutritional
content of both rotifers and Artemia in terms of overall protein and lipidchallenge with a high carbohydrate diet. (A) Proportion (%) of radiolabel absorbed (larvae
r 24 h of incubation, in seabream post-larvae; (B) Proportion (%) of radiolabel retained in
f incubation, in seabream post-larvae; (C) Proportion (%) of relative retention of radiolabel
etained label, after 24 h of incubation, in seabream post-larvae. Values are means – SD of
10 individuals).). CTRL, control group (larvae never fed with glucose); REC, recurrent
tween treatments for the corresponding fraction (P b 0·05, Student's t-test).
Fig. 4.Metabolic ﬂux of 14C-amino acid mixture in seabream post-larvae (60 DAH) submitted to the dietary challenge with a high carbohydrate diet. (A) Proportion (%) of radiolabel
absorbed (larvae and CO2 trap) and evacuated (water) in relation to the total quantity of radiolabelled feed, after 24 h of incubation, in seabream post-larvae; (B) proportion (%) of radio-
label retained in tissues (larval body) and catabolised (CO2 trap) in relation to the total absorbed label, after 24 h of incubation, in seabream post-larvae; (C) proportion (%) of relative
retention of radiolabel in each fraction of larval body (protein, FAA, lipids and othermetabolites) in relation to total retained label, after 24 h of incubation, in seabream post-larvae. Values
are means – SD of seabream absorption, evacuation, retention, catabolism and relative retention fractions (n = 10 individuals). CTRL, control group (larvae never fed with glucose); REC,
recurrent group (larvae fed the three glucose stimuli at early stages). *Denotes signiﬁcant differences between CTRL and REC groups for the corresponding fraction (P b 0·05, Student's
t-test).
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(Hamre et al., 2013; Hawkyard et al., 2014; Matsumoto et al., 2009).
Our results also show that each ﬁve-day high-glucose stimulus
(stimulus 1, 2 and 3) modiﬁed metabolic gene expressions in the
seabream larvae. Although few, some genes involved in glycolysis, lipo-
genesis and energy production pathways were enhanced: GK and FAS
(by stimulus 1), G6PDH (by stimulus 2) and 6PFK-L, PK and CS genes
(by stimulus 3). These data are similar to the postprandial induction
of gene expression observed in rainbow trout, gilthead seabream and
zebraﬁsh, after a high carbohydrate intake (Enes et al., 2008b;
Kamalam et al., 2012; Meton et al., 2004; Panserat et al., 2000; Polakof
et al., 2012b; Seiliez et al., 2013), comparable to what occurs in mam-
mals (Kersten, 2001; Pilkis and Granner, 1992; Yamada and Noguchi,
1999). Moreover, a similar short-term regulation for higher expression
of GK and HK1 glycolytic enzymes was observed in rainbow trout and
zebraﬁsh fed at ﬁrst-feeding with a high level (50 to 65%) of dietary
carbohydrates (Fang et al., 2014; Geurden et al., 2007, 2014). In several
ﬁsh species, glucose in excess stimulates the action of GK for the conver-
sion and storage of glucose into lipids and/or glycogen, which eventual-
ly inﬂuences the pathways involved in lipogenesis and NADPH/energy
production (Panserat et al., 2014; Polakof et al., 2012a). A similar mod-
ulation of an improved lipogenesis and NADPH production, reﬂected by
FAS and G6PDH up-regulation in REC larvae, may had been induced by
the ﬁrst and second glucose stimuli. The action of stimulus 1 revealed to
be of great interest since it allowed the nutritional manipulation of the
ﬁrst exogenous meal, at the end of the lecithotrophic larval phase, and
resulted in the only stimulus capable of inducing GK expression in the
seabream larvae. Nevertheless, the glucose stimuli delivered by live
feed (stimulus 1 and 2) also decreased the expression of genes involved
in the second step of glycolysis (6PFK-L), in NADPH production
(G6PDH) and in carbohydrate digestion (AMY). The latter enzyme
was found up-regulated after early-feeding a complex carbohydrate
stimulus during 3-day, showing that different sources of carbohydrates
in the diet could enhance the transcript levels of digestive enzymes
(Fang et al., 2014; Geurden et al., 2007). In the present study glucose
was used as a simple source of carbohydrates in the stimuli, and we
observed a negative acute effect on amylase expression, which may be
related to an excess (overload) of the ﬁnal product of this enzyme, as
it was seen previously in zebraﬁsh larvae (Rocha et al., 2014). It has
been shown that amylase expression may be repressed in lower organ-
ismwhen high levels of glucose are present: the bacterial amylase tran-
scription is regulated by a catabolite repression mechanism (Nicholson
et al., 1987) and in Drosophila the amylase expression is repressed after
high glucose intakes (Benkel and Hickey, 1986). Seabream larvae
were fed for 5-days with high-glucose Artemia in the present study, soa sudden increase of circulating glucose levels may have occurred
leading to a down-regulation of AMY expression, analogous to the
regulation observed in lower organisms. Finally, the absence of regula-
tion of genes involved in gluconeogenesis (G6Pase and PEPCK)
observed after the delivery of the three stimuli, is in agreement with
the lack of transcriptional regulation of this pathway by dietary carbo-
hydrates, observed in several ﬁsh species, including juvenile seabream
(Enes et al., 2008a; Panserat et al., 2001; Polakof et al., 2012a; Seiliez
et al., 2013). Recent ﬁndings in rainbow trout, Siberian sturgeon and
zebraﬁsh larvae fed from ﬁrst feeding with a high carbohydrate diet
(50% to 65%) showed that the immediate action of stimulus could affect
(inhibit) or not the expression of gluconeogenic genes (G6Pase, PEPCK
and FBPase) (Fang et al., 2014; Geurden et al., 2014; Gong et al.,
2015). As far as we know, these are the ﬁrst data for gilthead seabream
conﬁrming amolecular regulation of some steps of glucosemetabolism,
lipogenesis and energy production by early glucose stimuli.
We also analysed whether the early nutritional event could change
the metabolic phenotype of glucose utilization, by means of a tracer
study in larvae after stimulus 3, using labelled 14C- glucose. Seabream
larvae showed a similar capacity to absorb glucose (50%) at this stage
of development (35DAH), regardless of the early nutritional experience.
Indeed this ability for glucose absorption in the gut may be an indicator
of full maturation of the intestine at this age (Zambonino-Infante et al.,
2008). Of interest, larvae from the recurrent stimuli (REC) had a signif-
icantly lower catabolism, and a concomitantly higher body retention of
the absorbed 14C- glucose, in comparisonwith the control group (CTRL),
suggesting the preferential steering of glucose towards storage path-
ways instead of towards energy production. Given that no further
analysis on protein, lipid or glycogen retention was performed at this
stage of development, our hypothesis on how the glucose-derived 14C
was retained in the larval tissues is limited. However, our data collected
at the later post-larvae stage revealed that glucose was preferentially
retained as protein and free AA. It is known that ﬁsh larvae are able to
discriminate the use of amino acids for energy purposes (dispensable
AA) or for protein deposition and growth (indispensable AA) (Aragão
et al., 2004; Conceição et al., 2002) during periods of fast growth as
found before metamorphosis (Russo et al., 2007). Thus, we believe
that REC larvae were able to discriminate glucose use similarly to AA
utilization. The higher glucose-derived 14C-retention in the REC larvae
(35DAH)may reﬂect an improved storage and later use of this substrate
for protein accretion and growth, rather than use as energy source. The
observed up-regulation of 6PFK-L, PK and CS genes in the REC larvae
does not necessarily mean a direct glucose catabolism, but an adapta-
tion to generate anaplerotic intermediates to replenish the citric acid
cycle. Even so, seabream larvae seemed to tolerate high-glucose stimuli
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and metabolic adaptations to the early glucose stimuli that might be
related to a possible nutritional programming.
Besides characterizing changes on molecular and metabolic path-
ways immediately after the high-glucose stimuli, our study further
assessed possible persistency of effects, by challenging both the REC vs
CTRL groups at the later post-larval stage with a high carbohydrate
diet (HCD). By the end of the dietary challenge, we found that both
the early stimuli and the high carbohydrate intake associated to the
challenge caused no detrimental effects on ﬁnal growth and survival
of seabream post-larvae, up to 60DAH. The lack of the negative effects
on physiological parameters is in conformity with other nutritional
programming studies performed in ﬁsh (Fang et al., 2014; Geurden
et al., 2007, 2014; Rocha et al., 2014, 2015). Also, both growth (around
2.6 mg and 13.13 mm) and survival rate (around 8.6%) were within
the expected range for seabream larvae reared under experimental
conditions up to 60DAH, with a similar feeding regime. Costa (2012)
achieved a survival rate of 12.5% and a total length of larvae of
15.9 mm for 60-day seabream, fed from mouth opening with life prey;
likewise, Dimitrios et al. (2010) showed a good growth and survival
rate (12 mm and 11%, respectively) for seabream fed exclusively with
Artemia up to 40DAH. For seabream, as for other marine species, one
of the most limiting factors for a successful larval rearing is related to
larvae nutrition and their feeding physiology. Whereas in the present
study, larvae were repeatedly exposed to high levels of dietary glucose
the survival rate, even though reduced (8.6%), was still comparable to
other experimental studies free of any early nutritional manipulation.
Concerning the molecular effects, we found that most of the meta-
bolic genes that were differently expressed immediately after the expo-
sure to glucose stimuli (GK, FAS, PK, CS and ASTc up-regulation, AMY
down-regulation and 6PFK-L and G6PDH double regulation) were no
longer regulated in the tissues of seabream post-larvae, except for the
G6PDH gene. Indeed, the regulation of gene expression was less pro-
nounced at later stages of seabream development, showing that short-
term effects of the early stimuli might have faded with time. These
observations denote that the early nutritional history had no marked
effects on modulating, at a molecular level, the three major pathways
involved in glucose metabolism: glycolysis, gluconeogenesis and lipo-
genesis. Opposite to the present ﬁndings, zebraﬁsh embryos submitted
to a glucose stimulus (using microinjection) showed a poor molecular
response to glucose at the early larval stages, whereas at the juvenile
stage, there were several long-term modiﬁcations on the expression of
genes involved in glycolysis (HK1, 6PFK) and gluconeogenesis (PEPCK,
FBP) (Rocha et al., 2015). Also, in rainbow trout an early carbohydrate
feeding induced some persistent changes in the gene expression of
HK1, PK (glycolysis) and GLUT4 (transporter) of juvenile ﬁsh, which
surprisingly were not the same genes modiﬁed immediately after stim-
ulus delivery (Geurden et al., 2014). It seems thus that glucidic stimuli
can affect differently the molecular regulation at short- or long-term,
indicating that adaptations might be linked to the stimulus nature,
duration, period of interventions and/or to ﬁsh species. The analysis of
gene expression pattern is considered as a useful tool to understand
possible “imprinting” effects in adulthood in response to early nutri-
tional events, since one of the proposedmechanisms for nutritional pro-
gramming in mammals is the epigenetic regulation of gene expression
(Lucas, 1998; Symonds et al., 2009). But other mechanisms may also
be involved such as differential cellular proliferation, that occurs when
the quantity or proportion of cells in a tissue is permanently affected
by a nutritional event, as illustrated by the decrease of islet size and
cell proliferation in the offspring of rats fed a low protein diet during
pregnancy (Snoeck et al., 1990). Therefore, the lack of a strong mole-
cular modulation in the post-larvae by the early stimuli does not
exclude the possibility of nutritional programming effects in this
study. Indeed, it was shown in mammals that the particular type of
mechanism involved in nutritional programming seems to vary be-
tween tissues, according to the duration and timing of the nutritionalintervention through pregnancy and/or lactation (Symonds et al.,
2009).
Using a labelled glucose tracer, we assessed the effects of the early
glucose stimuli on the use of 14C-glucose by the seabream post-larvae
at the end of the high carbohydrate diet challenge. Post-larvae from
the REC group showed a reduced capacity for glucose absorption in
the gut. From the absorbed fraction, REC compared to CTRL group
post-larvae showed a higher catabolism of 14C-glucose and a concomi-
tantly lower retention, suggestive of enhanced glucose oxidation or
allocation to other metabolic pathways. Similarly, in zebraﬁsh, the sup-
plementation of yolk-sac embryos with glucose was associated with
reduced glucose retention in visceral tissue of juvenile ﬁsh, after a
high dietary carbohydrate intake (Rocha et al., 2015). As mentioned
before, glucose may be an important anabolic substrate during periods
of high larval growth (35DAH), being used for protein synthesis. More-
over, the analysis of the retention of glucose-derived 14C in the post-
larval body fractions (during a period of incubation of 24 h) showed
the 14C carbon was mainly recovered in the FAA and protein fraction,
for both REC and CRTL treatments. This clearly demonstrates the capa-
city of seabream post-larvae to use glucose as a precursor of amino
acid synthesis and protein accretion. These two fractions (protein and
FAA) represented almost 77% of all retained 14C-glucose while the con-
version into lipids and glycogen was much lower than was expected.
Earlier studies on deﬁning the essentiality of amino acids in ﬁsh, also
relying in isotopic-labelling approaches, showed the incorporation of
glucose-derived 14C skeletons in dispensable amino acid pool by de
novo synthesis, which might occur from the citric-acid cycle intermedi-
ates, as observed in mammals; for instance aspartate may be synthe-
sized from oxaloacetate, whereas glutamate and glutamine may be
synthesized from α-ketoglutarate (Bequette et al., 2006; Cowey et al.,
1970; Hellman and Larsson, 1961). Although relatively well studied in
juvenile and adultﬁsh, the balance between anaplerosis (replenishment
of the pools of metabolic intermediates in the citric-acid cycle) and
cataplerosis (removal of citric-acid cycle intermediates) pathways is lit-
tle known in ﬁsh larval stages, which typically present extremely high
rates of growth and protein synthesis (Hamre et al., 2013). The REC
post-larvae presented also a higher relative retention of glucose carbon
in the whole body lipid fraction in comparison to the CTRL group. Such
modiﬁcation may indicate that larval conditioning to high-glucose
stimuli directed the 14C-glucose proportionally more towards lipo-
genesis in the REC relative to the CTRL post-larvae challenged with
excess dietary glucose. The stimulation of hepatic lipogenesis by a
high intake of dietary carbohydrates was described in rainbow trout
(Polakof et al., 2011), in a similar way to what occurs in mammals
(Towle et al., 1997). Also, seabream fed with 13C-starch labelled diets
showed that increased proportions of dietary starch stimulated de
novo lipogenesis in both whole-ﬁsh and liver tissues (Ekmann et al.,
2013). Taken together, the ﬁnding that the early stimuli acted as
short-termmodulators of several metabolic pathways, reinforce the ini-
tial hypothesis of nutritional programming at later stages of seabream
development.
The effects of early high-glucose stimuli were also analysed in terms
of dietary amino acid use, in order to see possible effects on the AA re-
tention efﬁciency in the post-larvae, at the end of the challenge period.
Post-larvae from both the CTRL and REC treatments displayed a 65%
absorption of the 14C-amino acid mixture, which reﬂects a moderate
Artemia protein digestibility. Also, only 56% to 61% of the absorbed
label was retained in the tissues of the 60 DAH seabream. No previous
tracer studies using the Artemia labelling method in seabream larvae
focussed before on AA metabolism. However, similar studies in 35DAH
Senegalese sole (Solea senegalensis) larvae using 14C-AA revealed a
high Artemia protein digestibility (80%) as well as an efﬁcient protein
retention (77%) (Engrola et al., 2009). Similar values for 14C-AA gut ab-
sorption and tissue retention were reported by Morais et al. (2004b);
Engrola et al. (2010) and Campos et al. (2013) at 35DAH, 21DAH and
49DAH sole post-larvae, respectively. The lack of differences in amino
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cates that early glucose conditioning did not affect the gluconeogenesis
from amino acids (in conformity with the molecular data) and also did
not cause a protein sparing effect in the seabreampost-larvae. Further, a
major amount of the retained labelwas ﬁrst recovered into the FAA pool
and later into the protein fraction, corresponding to nearly 93% of the
absorbed amount. The REC post-larvae showed a signiﬁcantly lower
pool of 14C-FAA compared to the CTRL group. This may be related to a
faster synthesis of protein by the REC post-larvae, which also had a
slightly though not signiﬁcantly higher 14C incorporation in the protein
fraction. Possibly the incubation period (24 h) should be extended in
order to better determine all de novo synthesis of protein from dietary
AA.5. Conclusions
The seabream larvae tolerated the recurrent high-glucose
stimuli, during critical stages of development, without compromis-
ing growth or survival. The glucose stimuli caused some immediate
responses at a molecular level, but these tended to fade over larval
ontogeny. However, the early glucose stimuli induced some short-
term changes in the post-larval glucose metabolic phenotype,
characterized by an increase in glucose oxidation, and also a pro-
portionally higher use of glucose in lipogenesis. Our data suggest
that repeated exposures to high-glucose stimuli can promote the
modulation of speciﬁc pathways involved in glucose utilization in
seabream larvae, unlocking the possibility for nutritional program-
ming of adult ﬁsh. Still, further investigation is needed to fully under-
stand the interaction between the genomic andmetabolomic regulation
pathways, which are extremely relevant to the concept of nutritional
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